A simple and sensitive solid-phase spectrophotometry procedure was improved for the microdetermination of Cr(VI). A 0.06 cm 3 portion of a cation exchanger, Muromac AG 50W-X2, was used to concentrate the target Cr(VI) in a 20 cm 3 water sample, and resin beads were introduced in a flow cell of 1.5 mm diameter and having a 10 mm light path length for measurements using a UV-visible spectrophotometer. Three lenses were used for focusing the incident light beam and for recovering light scattered by the solid phase in the cell. The sensitivity achieved was higher by a factor of 277 compared with that of the solution method, and the detection limit was 0.014 µg dm -3 . The recovery on spiked real water samples by the standard addition method was 96 -101%. Favorable working and performance characteristics made it possible to directly determine sub-µg dm -3 amounts of Cr(VI) in natural water samples.
introduction
Chromium is a metal that occurs in oxidation states, ranging from +2 to +6. However, as far as environmental protection is concerned, only the two most common oxidation states, namely Cr(III) and Cr(VI), need to be considered. Cr(III) and Cr(VI) are drastically different in physicochemical properties as well as chemical and biochemical reactivities. Cr(III) is well-known as an essential trace element for humans, required for the maintenance of normal glucose, cholesterol and fatty acid metabolism. On the other hand, water-soluble Cr(VI) is highly toxic to humans and animals, 1 and other studies have indicated that it is an extremely toxic carcinogen. 2 Several types of wastewater, such as those discharged in the course of dye, pigment and leather production, and by the process of plating and electroplating and by mining may contain undesirable amounts of Cr(VI). 3 In principle, because the health effects are determined largely by the oxidation states, different guideline values for Cr(III) and Cr(VI) should be derived. However, current analytical methods and the variable speciation of chromium in water favor a guideline value for a total chromium of 50 µg dm -3 . [4] [5] [6] If simple, sensitive and rapid analytical techniques selective for trace Cr(VI) are applicable to various environmental samples, the situation can be improved.
Although atomic spectrometries, such as flame atomic absorption spectrometry (FAAS), inductively coupled plasma-atomic emission spectrometry (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS) are sensitive and selective for Cr, only the total amounts of Cr can be determined despite the fairly expensive equipment. Solid-phase spectrophotometry (SPS) is based on the direct spectrophotometric measurement of a solid phase that has sorbed a sample component. This method made it possible to determine trace components in natural and other water samples without preconcentration, because a sensitivity enhancement was easily accomplished by increasing the sample volume. 7, 8 By employing diphenylcarbazide (DPC) as a coloring agent, SPS selective for Cr(VI) has also been developed. 9 In the case where the distribution ratio of the sample species is high enough for complete adsorption, the absorbance of the target colored analyte species in the solid phase (ARC) can be expressed as Eq. (1) if the analyte, whose concentration (C0) in a V cm 3 sample solution is concentrated into v cm 3 of the solid phase,
where εRC is the molar absorptivity of the colored species and lRC the light path length in the solid phase. Alternative ways to enhance the sensitivity of SPS by using a smaller volume of the sample solution is to apply a larger lRC and/or smaller v systems. As described in a later section, the use of a black flow-through cell in which a small volume of solid particles is packed as an adsorbent for the target chemical species is very effective for higher sensitivity. However, different from conventional solution spectrophotometry, SPS basically suffers from weak light intensities due to light scattered by the solid phase. 10 In addition, attenuation of the incident light intensity by a black flow cell also has to be considered if the area of the incident light beam is wider than that of the light-path portion of the black flow cell. For this reason, it is necessary to make some improvement in the equipment or the light measurement system to reduce the background light attenuance by the solid phase and the cell, and this makes it difficult to apply this SPS method widely to various trace analyses.
The aim of this study was to develop and evaluate a simple and sensitive solid-phase spectrophotometric batch method using a commercially available, simple spectrophotometer, which would be applicable to the determination of sub-µg dm -3 amounts of Cr(VI) in natural water samples or drinking water. The most interesting features of the improved method are simplicity in operation, high sensitivity and fast application without any previous sample treatment including many laborious steps. This paper reports on the main characteristics of this improved method and the optimum experimental conditions, as well as the analytical application of the improved method to natural water samples.
experimental

Reagents
All reagents used were of analytical grade. Highly purified water prepared with a Milli-Q SP system (Millipore, Milford, MA) was used throughout. A standard Cr(VI) solution (1000 mg dm -3 ) for atomic absorption spectrometry (Kishida, Osaka, Japan) was used. A sulfuric acid solution (about 0.5 mol dm -3 ) was prepared by diluting 6.8 cm 3 of concentrated sulfuric acid with water up to 250 cm 3 . A coloring reagent solution was prepared by dissolving 0.25 g of DPC (diphenylcarbazide, Wako, Osaka, Japan) and diluting to 100 cm 3 ) was prepared by dissolving 5.84 g of NaCl (Wako) and diluting to 100 cm 3 with water. A standard solution of NaOH (0.1 mol dm -3 , Wako) was used for acid-base titration of the ion exchanger. A Muromac 50W-X2 cation exchanger (100 -200 mesh, Muromachi, Tokyo, Japan) was used.
Apparatus
Absorbance measurements were made with a double-beam UV-visible spectrophotometer (Model V-630, Jasco, Tokyo, Japan). A flow cell Model FLM 220B-B-1.5 ( Fig. 1) was supplied from GL Science (Tokyo, Japan). It was black-sided, 10 mm in length and 1.5 mm in diameter. At the outlet of the cell, a polytetrafluoroethylene (PTFE) tube (1 mm i.d.) was connected to a silicone tube. Inside the end of the tube, a polypropylene (PP) filter tip was placed so as to block the ion-exchanger beads in order to pack them in the light-path portion. At the sample light beam, a cylindrical convex lens (focal distance 25.4 mm, Sugitoh, Tokyo, Japan) and a concave lens (focal distance -200 mm, Sugitoh) were placed between the incident light window and the cell for focusing the light beam at the light-beam entrance of the cell, and the lens (Jasco) at the detector window for recovering the scattered light. A diagram of the cell holder for the determination of Cr(VI) is shown in Fig. 2 .
The ion exchanger was measured with an ion-exchanger aliquotting device. A PTFE tube (1.0 mm i.d. and 7 cm long) was fitted on one side with a PP resin filter tip and connected to a 10 cm 3 disposable syringe.
11
Collection of natural water samples Natural water samples (from No. 1 downstream to No. 7 upstream) were collected from a surface stream of the Ochozu Experimental Watershed in Fukuoka Experimental Forest, Kyushu University, in a mountainous watershed of Japanese cypress located about 15 km east of Fukuoka City in western Japan. The predominant forest soil is yellow-brown, and the underlying bedrock consists of serpentinite containing chromite and chlorite schist. 12 Water samples No. 8 and No. 9 were collected from a surface stream near Ochozu Experimental Watershed with a different geological condition. Water samples No. 10 and No. 11 were collected from Karst springs on Hirao-dai plateau, Kitakyushu, Fukuoka. Water samples were also collected from the Central Java Province, Indonesia. Tlatar (Tl) and Ngabean (Ng) are natural groundwater sources that flow continuously, and are located at about 7 and 10 km, respectively, from Boyolali, Central Java (near the Merapi volcano). Tawangmangu (Tw) is a natural waterfall at 1100 m in altitude, covered with forest, and located 30 km from Surakarta, Central Java. The underlying bedrock consists of volcanic rocks with lava and andesite breccias. The natural water was filtered through a 0.20-µm membrane filter at the site and stored without being acidified in a polyethylene (PE) bottle for Cr(VI) determination. For total chromium determination, the sample was stored in a PTFE bottle, and 1 cm 3 of highly purified nitric acid (Kishida, Japan) was added to a 100-cm 3 sample in order to avoid the adsorption of Cr(III) on the container wall. The pH and temperature of the water sample were measured with a pH meter (HM-14P, TOA DKK) at the sampling point, and the dissolved organic carbon (DOC) content was measured with a TOC apparatus (TOC-VE, Shimadzu).
Determination of Cr(VI) by means of SPS
To a 20 cm 3 water sample containing 1.0 cm 3 of a 2000 mg dm -3 Ca 2+ solution, 1.0 cm 3 of a H2SO4 solution and 0.5 cm 3 of a coloring agent solution, 0.06 cm 3 of the ion exchanger was added using an aliquotting device, and the mixture was stirred for 20 min at 20 C. After allowing the ion exchanger to settle, the supernatant solution was removed, and about 1 cm 3 of the mixture was transferred into a disposable PE syringe (SS-10SZ, Terumo, Tokyo, Japan) connected to a flow cell, as shown in Fig. 1 . The absorbances were directly measured at 540 nm (absorption maximum wavelength) and 700 nm (non-absorption wavelength), and the difference between the two absorbances was used for Cr(VI) analyses.
After the absorbance measurement, the ion-exchanger beads were removed from the cell for the next measurements.
Analytical method for total chromium
The total chromium concentration of the natural water samples was determined with an ICP-MS Agilent Model 7500cx (Yokogawa, Japan).
results and Discussion
Improvement of the spectrophotometer for SPS
As shown in Eq.
(1), an effective way to enhance the sensitivity is to employ a smaller v and/or longer cell systems. On the other hand, these systems may involve a difficulty in packing ion exchanger beads in a cell and/or exceed the limit of detection by the light detector used. Therefore, we made some improvement in the spectrophotometer, as shown in Fig. 2 . The cell was placed at the nearest position to the light detector of a silicon photocell, and the sample light beam was adjusted to focus at the flow cell using a cylindrical lens (focusing length of 25.4 mm, Sugitoh, Japan) and a convergence lens (focusing length of -200 mm, Sugitoh). The optimum position of the cell was adjusted using an XY stage (TASB-402, Sigma Koki, Tokyo) attached the cell in order to obtain the strongest light intensities. A commercially available lens (Jasco, Japan) for recovering the scattered light from the cell was also installed at the detector window of the spectrophotometer. The achievement of the light measurement improvement is shown in Table 1 as the decrease in the background attenuances of the ion exchanger packed in the flow cell. Without using lenses, the background attenuances were over 4, and by using a cylindrical convex lens and a concave lens at the sample light beam, the values were reduced to around 2. Background attenuance values of around 1.7 were achieved when a commercially available lens (Jasco) was also used. Both the focusing lens and the recovery lens are very effective for reducing the background attenuances of the flow cell and the ion-exchanger beads. The cell was connected to a 10-cm 3 disposal syringe (SS-10SZ, Terumo, Japan) with a PE three-way stopcock for introducing colored ion exchanger beads in the cell, which could make the operation in the solid phase absorbance measurements simple, easy and reproducible.
Optimization of SPS for microdetermination of Cr(VI)
Type of ion exchanger. Polystyrene-type ion exchangers were appropriate for the determination of Cr(VI) using the present SPS. In the case of cross-linked dextran ion exchangers, it was difficult to measure the light absorption due to the high background absorbance. Therefore, a Muromac 50W-X2 cation exchanger (100 -200 mesh) was used. Figure 3 shows the differences in background attenuation spectra of the two types of ion exchangers. It was clear that by using Muromac 50W-X2, the background absorbances were lower than those of SP-Sephadex C-25 cation exchanger. On the other hand, Muromac 50W-X2 also had a limitation, especially if absorbances at wavelengths lower than 460 nm had to be measured. In this case, SP-Sephadex C-25 could still be used. Diameter of the black flow cell. Figure 3 also shows that a 3-mm diameter cell provides a lower attenuance background than that of a 1.5-mm diameter cell. When the attenuance exceeds 2, it is recommended that the 3-mm diameter cell be used, although the sensitivity is decreased. To balance the light intensities between the sample beam and the reference beam, a light attenuation disk of 0.4 or 1.0 absorbance unit, Hitachi (Tokyo, Japan) was placed in the reference beam. Aliquotting of cation exchanger. For precise aliquotting of a small amount of ion-exchanger beads, a device made of a PTFE tube was used. 11 In order to use a very small amount of resin with high reproducibility, the device was made with a PTFE tube 1.0 mm i.d. and 7 cm long. The ion exchanger was collected into the tube with a disposal syringe. One side end connected to the syringe had an inserted polypropylene filter tip. The wet volume of the ion-exchanger used in the device was determined by titration. The H + ion of 1.32 cm 3 of the resin packed in a column was exchanged with Na + by passing a 1 mol dm -3 NaCl solution through the column, and the H + in the effluent solution was titrated with a standard NaOH solution. An aliquotted ion exchanger was also titrated with the same standard solution, and the volume of wet ion exchanger beads could be estimated. The reproducibility of the aliquotting of the ion exchanger beads was determined by this method to be 0.0600 ± 0.0008 cm 3 , with a relative standard deviation (RSD) of 1.4%, which included the titration error. Time dependence of color development. The effect of the stirring time on the adsorption of the purple species on the cation exchanger is shown in Fig. 4 . The color development of the resin was influenced by the stirring time. In this experiment, the stirring time was fixed at 20 min. The absorbance of the adsorbed purple color species was nearly constant in the temperature range 10 -30 C. Effect of co-existing ions. As has already been demonstrated in SPS with DPC as the coloring agent, 9,13 metals such as V(V), Cr(III), Mn(II), Co(II), Ni(II), Zn(II), Mo(VI), Cd(II), Sn(IV), Hg(II) and Pb(II) do not interfere when present up to 1000-times the concentration of Cr(VI). In the case of Cu(II), its presence at 10-times the concentration of Cr(VI) is tolerable.
The presence of divalent cations, such as Ca 2+ in real water samples, caused higher background attenuance (A700nm, i.e., the attenuance at 700 nm) than that of a standard solution in the absence of divalent cations, as shown in Table 2 . A background attenuance change due to shrinkage of the cation exchanger in the cell is often observed 13, 14 when polyvalent cations are adsorbed. The resin particles shrink when the counter ions are exchanged with divalent cations, which causes an increase in the amount of resin in the cell, and also in the effective light path. In this paper, the effect of the concentration of divalent ions common in natural water, Ca 2+ and Mg 2+ , was studied (Fig. 5) . The existence of Ca 2+ showed a larger effect in producing a higher background attenuance compared to that of Mg 2+ . This phenomenon was due to the higher selectivity of Ca 2+ than that of Mg
2+
. It is effective to add Ca 2+ in constant excess to suppress any change in the amounts of the ion exchanger in the light path ( Table 2) . ; ΔA = A540nm -A700nm. 
Calibration and sensitivity
For calibration, the absorbance difference (ΔA) between the absorbances at 540 and 700 nm was practically employed: ΔA = ARC + ΔA (for the blank). The calibration curve was reasonably linear for the 20 cm 3 water sample used, and was expressed as follows:
(sample volume, 20 cm 3 ; R 2 = 0.998), (2) where C is the Cr(VI) concentration in µg dm -3 . In the case of the corresponding solution method, a 1 mg dm -3 Cr(VI) solution showed an absorbance of 0.704, and therefore the sensitivity achieved was 277-times higher for a sample volume of 20 cm 3 than that of the solution method. The respective theoretical value of the sensitivity enhancement estimated by the ratio V/v was 333-times that of the solution method, which was in fairly good agreement with the obtained results.
Precision and detection limit
The precision was measured with samples of Tw from Tawangmangu, Karanganyar, Central Java province, Indonesia and No. 10 from Mizutori-no-ana spring, Hiraodai plateau, Fukuoka, Japan. Using the standard addition method, the concentrations of Cr(VI) were 0.04 ± 0.006 (n = 5) for the sample Tw-2 and 0.34 ± 0.03 (n = 5) for sample No. 10, with a recovery of 96 -101% (Table 3) .
The relative standard deviations for five measurements were 15 and 8.8%, respectively, due to their low concentrations. However, the Cr(VI) from 0.61 to 4.72 µg dm -3 in water samples from the Ochozu Experimental Watershed was determined with an RSD of less than 5% (Table 4) . It is clear that the recovery for each sample solution was acceptable, although these samples contain cations such as magnesium and calcium ions at 20 mg dm -3 levels. In order to determine the detection limit, a blank signal was repeatedly measured. When the detection limit is defined as the concentration that gives an absorbance corresponding to 3σ for the standard deviation of fluctuation of the blank, the value was 0.014 µg dm -3 (n = 5) for 20 cm 3 samples. The concentration level of Cr(VI) below 1 µg dm -3 could be effectively determined by the developed method.
Applicability of this method
The combination of SPS for Cr(VI) and ICP-MS for the total Cr made it possible to carry out speciation of the dissolved Cr in water. Except for the Ng sample, the predominant species of dissolved Cr was Cr(VI). For water samples from the Ochozu Experimental Watershed, serpentine containing chromite is distributed in the studied area and the samples contained slightly higher Cr(VI) concentrations than those of other areas of granite and limestone. 15 We could not find any relationships between the [Cr(VI)]/[Cr(III)] ratios and the pH values or the concentrations of DOC. A further study is necessary to clarify the source of Cr(III) for the Ng sample.
As shown in Table 5 , the sensitivity of the present method is the highest among those of previous batch methods if the sample volume is the same. There is a limitation of the batch method, especially in packing all of the ion exchanger into the light-path portion in the black cell; however, a 0.06-cm 3 ion exchanger, a three-times volume of the light-path portion was enough to get high sensitivity and reproducibility.
The sensitivity is comparable between the present method and the flow method of SPS, 13, 14 but the present batch method is easy to set up and simple in operation without any pumps or other accessories for the flow system. The flow method may be convenient for the routine analysis of many samples, but the present method can be as an alternative for laboratory use.
The improvement of this method using another type of double-beam spectrophotometer was done with a Shimadzu UV 1601 PC spectrophotometer. A focusing system using cylindrical convex lenses (50 and 60 mm in focus) and convex lenses (25.4 
Conclusions
The favorable operation and performance characteristics of the improved procedure of the SPS method made it possible to determine Cr(VI) at sub-µg dm -3 to µg dm -3 levels in natural water within 20 min. As shown in Table 5 , the use of a narrow black-sided cell could reduce the amount of required ion-exchange material, and a higher sensitivity could be obtained by using a smaller amount of sample solution. The procedure is simple and easy in operation. An improvement in any less-expensive spectrophotometers can be achieved along with the basic idea shown in this paper, which will extend the SPS to other wider demands for trace analyses. 13 14 a. Absorbance of a 1 µg dm -3 Cr(VI) solution.
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